Polyamines are derived from ornithine by the actions of ornithine decarboxylase (ODC)' which is the rate-limiting step in this pathway. Polyamines play a role in cell growth, neoplasia, differentiation, and response to injury. We have shown that transient cerebral ischemia gives rise to increased ODC mRNA and enzyme activity in the gerbil brain. ODC and polyamines are thought to be important in the generation of edema and the neuronal cell loss associated with cerebral ischemia. To test this theory, we examined the ODC activity, putrescine levels, and neuronal density in the CAl region of the hippocam pus following ischemia and reperfusion injury in the ab sence and presence of an inhibitor of ODC activity, u-di fluoromethylornithine (DFMO). Pretreatment of animals with DFMO resulted in attenuation of the ODC activity
Ornithine decarboxylase (ODC) catalyzes the conversion of ornithine to putrescine and is the first and rate-limiting step in polyamine biosynthesis (Pegg and McCann, 1982; Hickok et aI., 1986) . Polyamines play an integral role in the control of cellular growth mechanisms such as development (Goyns, 1982; Tabor and Tabor, 1984) , cell prolif eration (Brand, 1987) , and response to pathological stimuli (Paschen et aI., 1988; Dempsey et aI., 1991) . In a number of systems, ODC activity and the en zyme protein concentration are increased dramati cally after administration of phorbol esters (Yuspa et aI., 1976; Gilmor et aI., 1985) . It has been shown that polyamines are involved in the influx of cal cium into synaptosomes following potassium depo-following 5 min of ischemia and 4 h of reperfusion. In addition, DFMO prevented the increase in polyamine lev els, as determined by measurement of putrescine in the ischemic brain. These alterations were not due to changes in ODC mRNA level. Further analysis revealed that DFMO treatment blocked the delayed neuronal cell death in the CAl region of the hippocampus that accompanies ischemia and reperfusion injury. Administration of DFMO resulted in a dose-dependent beneficial effect upon neuronal cell survival. These results suggest that ODC enzyme activity and the production of polyamines playa significant role in the response of the brain to isch emic injury. Key Words: Cerebral ischemia-Ornithine decarbo x y lase-Pol yami ne s-u -Difl uorometh y lorni thine.
larization (Iqbal and Koenig, 1985) . These data sug gest that polyamines may play a role in synaptic function following neuronal stimulation.
Polyamines have been shown to be involved in the production of cerebral edema following isch emia and reperfusion injury (Dempsey et aI., 1988c) and cold-induced cerebral lesion (Koenig et aI., 1989) . Inhibition of ODC by a-difluoromethylorni thine (DFMO) blocks the cold injury-induced changes in polyamines and edema (Koenig et aI., 1989) . The ischemia-induced changes in ODC cor relate with increases in brain putrescine levels (Pas chen et aI., 1988 (Pas chen et aI., , 1989 Paschen, 1992) . The isch emia-induced ODC activity results from an increase in enzyme activity caused by an increase in enzyme levels detected by immunofluorescent studies (Dempsey et aI., 1988b) . Further reports suggest that this increase in enzyme level is due to activa tion of gene expression in the gerbil brain (Dempsey et aI., 1991) . Inhibition of ODC activity in the gerbil brain resulted in preservation of the somatosensory evoked potential activity and prevented an increase in cerebral edema (Dempsey et aI., 1988b) . The spe-cific role of polyamines in the generation of isch emic brain edema may be due to activation of mech anisms involved in opening the blood-brain barrier following ischemia (Klatzo, 1985) . This alteration in the blood-brain barrier may have profound effects upon neuronal cell survival following ischemia.
To further determine the underlying role of ODe and polyamines in ischemia and reperfusion injury, we used DFMO to block ODe activity and study this effect upon cell death. DFMO is a specific in hibitor of the ODe enzyme and of polyamine syn thesis. We have used DFMO to block ODe activity and determine the protective effects on the eAl hip pocampal neurons following ischemic insult. We have looked at the effects of DFMO on ODe activ ity and on polyamine synthesis in the gerbil brain following ischemia and reperfusion. These results suggest that ODe and putrescine play a significant role in the initiation of neuronal cell loss accompa nying ischemia and reperfusion injury.
MATERIALS AND METHODS

Gerbil model
Male Mongolian gerbils (50-60 g) were anesthetized (40 mg/kg pentobarbital) and mounted in a stereotaxic device (Kindy et aI., 1991) . Surgical manipulation of the carotid arteries was performed as previously described (Chandler et aI., 1985; Kindy et aI., 1991) . Following surgery, the animals recovered for 48 h, were subjected to 5-min bi lateral carotid occlusion, and then were released for the period of time indicated for each experiment. For mRNA, enzyme assays, and putrescine measurements, animals were killed at 4 h of reperfusion and the CAl region of the hippocampus was frozen in liquid nitrogen. The CAl re gion was isolated under a dissecting microscope. For his tological analysis, the gerbils recovered and then were killed 7 days following ischemia.
The animals were maintained at 37°C (body and brain temperature) during the surgical manipUlations and re covery period (3 h). Intracranial temperatures were ad justed to the desired levels by heating and cooling from a blanket-jacketed water bath as described previously (Busto et aI., 1989) . Brain temperature was measured by means of a thermocouple probe that was placed in the temporalis muscle as previously reported (Busto et aI., 1989) .
Measurement of brain putrescine levels
Putrescine content was evaluated according to a mod ification of previous methods (Steffanelli et aI., 1986; Or linska et aI., 1988) . The frozen brain tissue samples were homogenized in 5 vols of 0.2 N HCI0 4 and centrifuged at 43,000 g for 20 min. The reSUlting supernatants were dan sylated and applied to a Bond-Elut CIS column, and dan sylated putrescine was eluted with 1,500 /-Ll of methanol. Samples (10-50 /-Ll) were injected onto a 5-/-Lm Beckman ODS HPLC column (4.6 mm x 25 cm), and putrescine was quantitated using a Beckman fluorescence spectro photometer. Putrescine content was normalized to the total amount of protein.
RNA extraction and hybridization
Total cellular RNA was isolated from CAl hippocampal tissue as described by Auffray and Rougeon (1975) , using the lithium chloride/urea procedure. RNAs isolated from the gerbil brain were electrophoresed onto 1 % agarose/ 2.2 M formaldehyde gels, then transferred to nylon membranes and UV crosslinked with a Stratagene Stratalinker. The nylon membranes were hybridized with the cDNA against the ODC gene (Hickok et aI., 1986) and then rehybridized with a f)-actin cDNA (Bond and Farmer, 1983) probe as control for the levels of mRNA on the blots. The cDNA inserts were labeled by random primer labeling and the specific activity of the probes was 1 x 109 cpm//-Lg DNA (Fienberg and Vogelstein, 1982) . Autoradiograms generated from the Northern blots were scanned using a Betascan detection system.
Enzyme assays
Enzymatic determination of ODC activity was per formed as described previously (Dempsey et aI., 1988a) . Tissue samples were stored at -70°C until assayed. The frozen tissue was homogenized in 4°C buffer (50 mM Tris HCl, pH 7.5, 40 /-LM pyridoxal phosphate, 7.5 mM dithio threitol, 1.0 mM ethylenediaminetetraacetate, and 500 /-LM phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 43,000 g for 20 min, and the supernatant fraction was assayed for ODC activity by determining the amount of 14C02 released from 0.5 /-LCi of L-[14C]orni thine at 37°C during a 60-min incubation.
Histological analysis
Gerbils were anesthetized with pentobarbital (40 mg/ kg) and perfused transcardially with cold phosphate buffered saline, followed by 4% paraformaldehyde, 7 days after 5 min of ischemia (Kindy et aI., 1991; Kindy, 1993) . Brains were removed and fixed with paraformal dehyde for 24 h, followed by 20% sucrose for 24 h. The tissue was placed in OCT medium, frozen on dry ice, and stored at -80°C until sectioning. Tissue blocks contain ing the hippocampus (Loskota et aI., 1974) were sec tioned coronally (10 /-Lm) and stained with cresyl violet. The number of neurons in the CAl region of the hippo campus was counted (1 mm in length) as described by Kirino et al. (1986) . Neuronal density was similar on both sides of the brain.
Statistics
Statistical analysis was performed using one-factor analysis of variance; group comparisons were made using the Fisher protected least significant difference with p ",:; 0.05 being considered significant. All analyses were done using Stat View 512 + statistical package (Brainpower, Agoura Hills, CA, U.S.A.).
RESULTS
Protection of neuronal cell loss
DFMO caused a dose-dependent reduction in neuronal cell death in gerbil eAl region hippocam pal cells following 5 min of ischemia and 7 days of reperfusion (Fig. 1) . Over 80% of the cells were killed in animals subjected to ischemia alone, whereas �60% were killed in animals exposed to 50 mg/kg of DFMO plus ischemia. In the presence of Data are presented as means ± SD. ·Significance at p < 0.05 compared with ischemic animals.
100, 200, and 300 mg/kg of DFMO, there was � 40, 20, and 5% cell death following ischemia, respec tively (p < 0.05 for all treatments). DFMO alone had no effect upon the cell number in control ani mals (Table 1) . Neuronal cell death was character ized by counting (under a light microscope) the number of live neurons per millimeter in the eAI region of the hippocampus that stained with cresyl violet (Fig. 2) . DFMO was most effective when administered 30 min before the initiation of ischemia and reperfu sion. However, some protection was still seen if treatment was delayed. Protection was seen when DFMO was injected 5 min to 2 h after ischemia (Fig. Gerbils were subjected to 5 min of forebrain ischemia followed by 7 days of reperfusion. Values are means ± SD. a-Difluorom ethylornithine (DFMO; 300 mg/kg) and putrescine (10 mg/kg) were given 30 min before ischemia.
" p < 0.05 vs. ischemic, b p < 0.05 vs. DFMO ischemic (anal ysis of variance with Fisher's protected least significant differ ence). 3; p < 0.05). Posttreatment of animals 4 h after ischemia with DFMO did not protect the animals from ischemia-induced cell death (Fig. 3) .
Blockade of ODe activity by DFMO following ischemia
To determine the effects of DFMO on ODe ac tivity in the gerbil following ischemia and reperfu sion injury, animals were pretreated with 300 mg/kg DFMO i.p. In control animals, the basal level of ODe enzyme activity was 3.62 ± 0.8 pmollmin/mg protein (Table 2) . Ischemia and reperfusion resulted in a significant increase in ODe activity to 39.5 ± ODe mRNA levels unaffected by DFMO ODC mRNA levels in the CAl region were as sessed by quantifying the autoradiograms from RNA isolated and probed with a mouse ODC cDNA (Fig. 4) . Ischemia and reperfusion injury resulted in an increase in ODC mRNA (5.6 ± 1.2-fold increase compared with control animals) in the CAl region as 3.62 ± 0.8a 39.5 ±7 .1 2.16 ± 0.5a 3.49 ± 1.3" Gerbils were subjected to 5 min of forebrain ischemia followed by 4 h of reperfusion. Values are means ± SD determined from enzyme assays. a-Difluoromethylornithine (DFMO) was 300 mg/ kg. a p < 0.05 vs. ischemic (analysis of variance with Fisher's protected least significant difference). for each sample). C, control tissue; I, ischemic tissue; 110, ischemia + DFMO. The blots were hybridized with radiola be led cDNA probes to the mouse ODC cDNA (A) and rat actin cDNA (8).
described previously (Kindy et aI., 1991) . However, DFMO did not alter these levels of mRNA (5.3 ± 1.6-fold compared with control animals) in the CAl region. These data suggest that DFMO functions by inhibiting ODC enzyme activity and not changing expression of the mRNA.
Inhibition of putrescine synthesis
Putrescine is the immediate product of the ODC enzyme and is thought to play a role in ischemic cell edema and possibly cell death. To determine the involvement of polyamines in neuronal cell death, putrescine levels were measured following DFMO treatment and ischemia and reperfusion injury. Control animals have relatively low levels of pu trescine in the CAl region of the hippocampus (Ta ble 3). Upon induction of ischemia, there is a dra matic increase (225%) in the amount of putrescine detected in the CAl region after 4 h of reperfusion. Pretreatment of gerbils with 300 mg/kg DFMO re sulted in a 256% reduction of putrescine accumula tion following ischemia compared with ischemic an imals.
Injection of putrescine (10 mg/kg s.c.) along with DFMO resulted in elevated levels of putrescine in the CAl region comparable with the ischemic levels Putrescine (pmol/mg protein) 29.2 ± 4.3" 65.3 ± 7.3h 22.4 ± 3.8" 25.5 ± 4.7" 72.3 ± 8.5b Gerbils were injected with a-difluoromethylornithine (DFMO; 300 mg/kg) and putrescine (10 mg/kg) and after 4 h subjected to putrescine assays. Values are means ± SD.
" p < 0.05 vs. ischemic, b p < 0.05 vs. DFMO ischemic (anal ysis of variance with Fisher's protected least significant differ ence).
( Table 3 ). In addition, putrescine plus DFMO re sulted in a dramatic decrease in the number of live pyramidal neurons found in the hippocampus (Ta ble 1).
DISCUSSION
ODC is increased during ischemia and reperfu sion injury (Dempsey et aI., 1988a-c, 199 1; Pas chen, 1992) . We have shown that there is an in crease in ODC mRNA, protein, and enzyme activ ity in the ischemic gerbil brain. In addition, these changes result in an increase in polyamine synthesis that may allow for enhanced neuronal injury. The present data indicate that treatment with DFMO, a specific inhibitor of ODC activity, correlates with a decrease in neuronal cell death. The DFMO effect is concentration dependent and dependent upon the time of treatment; i.e., posttreatment had less of an effect upon neuronal survival than did pretreat ment. These effects are mediated through the block in ODC activity and reduction in polyamine synthe sis. Addition of exogenous putrescine obliterated the effects of protection on neuronal cells by DFMO. Taken together with the findings that neu rons in the CAl region of the hippocampus are ex quisitely sensitive to ischemia and reperfusion in jury (Kirino, 1982) , the data suggest that ODC plays a central role in the regulation of delayed neuronal death.
The data presented here differ from those de scribed by Sauer et al. (1992) . Treatment of animals with DFMO did not produce a marked decrease in infarct volume following middle cerebral artery oc clusion in the rat. These results demonstrated a decrease in polyamine levels following DFMO treatment; however, the injury was not reduced as determined by magnetic resonance imaging tech niques. They also did see a dramatic decrease in infarct volume following treatment with an inhib itor of N-methyl-D-aspartate receptors, CGP 40 1 16.
J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 These differences in effect of DFMO on neuronal injury may be caused by differences in experimental animal, experimental procedure, region of analysis, and time of treatment. The rat model of focal isch emia is quite different from the ischemia and reper fusion model in the gerbil.
In cold injury Koenig et al. (1983 Koenig et al. ( , 1989 have demonstrated that polyamines mediate breakdown of the blood-brain barrier (Trout et aI., 1986) . Pro duction of polyamines in the cerebral cortex results in their accumulation in the microvasculature and correlates with vascular permeability. DFMO re duced the presence of polyamines in the vessels and minimized the permeability. The addition of pu trescine eliminated the effects of DFMO and in creased vascular permeability and injury. In addi tion, polyamines appeared to stimulate vascular en docytosis, vesicular transport, and microvillus formation in the rat cortex following cold injury. Blood-brain barrier breakdown could be prevented by verapamil, dexamethasone, and aspirin by blocking an increase in ODC enzyme activity. These data provide strong evidence for the role of ODC and polyamine si n brain injury.
The delayed neuronal death induced by cerebral ischemia is thought to be enhanced by the disrup tion of polyamine synthesis in the brain following ischemia and reperfusion. An increase in putrescine levels correlates with the increase in neuronal cell damage in the CAl region of the hippocampus. Blocking the increase in ODC activity and the gen eration of putrescine results in a decrease in neuro nal cell injury. These results show that ODC activ ity and polyamines play an important role in neuro nal cell death in ischemia and reperfusion injury.
